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ABSTRACT 
 
 
 
Janssen, Jacob P. M.S., Purdue University, May 2015. A Two-Component Regulatory 
System Associated with Scytonemin Biosynthesis in Nostoc punctiforme ATCC 29133. 
Major Professor: Tanya T. Soule. 
 
 
 
As phototrophic bacteria, cyanobacteria are continually exposed to ultraviolet 
radiation as they harvest solar energy. In particular, long-wavelength ultraviolet 
radiation (UVA) damages living cells by releasing reactive oxygen species. To mitigate 
damage to the cell, some cyanobacteria produce a UVA-absorbing pigment in the 
extracellular sheath, known as scytonemin. Scytonemin is a heterocyclic, dimeric 
molecule that is only produced upon induction by UVA. In Nostoc punctiforme ATCC 
29133, it is hypothesized that scytonemin is regulated by the two component regulatory 
system (TCRS) of NpF1277 (sensor kinase) and NpF1278 (response regulator). Gene 
expression of the TCRS was studied after exposure to UVA, UVB, high light, and 
oxidative stress after 20, 40, 60 min. The TCRS genes were significantly up-regulated 
after 20 min for the light-associated stresses (UVA, UVB, and high light) and after 60 min 
for high light, however they were down-regulated by 60 min under UVB. Furthermore, 
these genes did not significantly respond to oxidative stress for any of the tested time 
points. It was also concluded that the TCRS genes are co-transcribed in N. punctiforme. 
Finally, progress was made in the construction of an NpF1277 mutant strain. To do this, 
a deletion fragment of NpF1277 was created by fusion PCR and inserted into a conjugal 
vector. While mutants were not obtained, the construct has been constructed for future 
studies.  
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CHAPTER 1: INTRODUCTION 
 
 
 
 Cyanobacteria are oxygenic phototrophs that require exposure to sunlight in 
order to carry out photosynthesis. Because of this need for sunlight, cyanobacteria must 
be able to defend against the ultraviolet radiation (UVR) that comes as part of solar 
radiation. UVR can be divided into three categories: long-wavelength UVA ranges from 
320-400 nanometers (nm), short-wavelength UVB ranges from 280-320 nm, and UVC 
ranges from 280-180 nm. UVC radiation is absorbed by the ozone layer and has become 
near non-existent on earth. Thus, cyanobacteria have evolved strategies to address 
radiation damage caused primarily by UVA and UVB radiation (Garcia-Pichel, 1998).  
 UVA and UVB can be very harmful to living organisms if either type of radiation 
penetrates the cell. UVB can damage DNA through the formation of double and single-
strand breaks or pyrimidine dimers. Proteins can also be targeted by UVB, especially 
those involved in photosynthesis and the Calvin cycle. Destruction to a cell by UVA is 
mainly indirect, through the production of reactive oxygen species (ROS). These are 
typically generated following UVA absorption by ring-structured molecules. The ROS will 
then non-specifically oxidize other molecules in the cell, and result in indirect damage to 
DNA and proteins (Jagger, 1985).
One strategy that cyanobacteria have evolved to mitigate UVA and UVB stress is 
to produce UVR photo-protective pigments, also known as sunscreens (Garcia-Pichel & 
Castenholz, 1991) . A sunscreen is a UV-absorbing compound which can release the 
energy absorbed by incident radiation harmlessly and passively, thus preventing 
damage to cellular machinery (Gao & Garcia-Pichel, 2011). One class of cyanobacterial 
sunscreens is the mycosporine-like amino acids (MAAs). These sunscreens absorb within
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the UVB range, with a maxima from 310-360 nm depending on the specific MAA. 
Mycosporines are water-soluble, colorless compounds, mostly located in the 
intracellular region. They are widely distributed within the cyanobacteria as well as 
other organisms such as fungi, corals, starfish, and eukaryotic algae. Within the 
cyanobacteria, thirteen strains are known to produce one or more MAA (Garcia-Pichel & 
Castenholz, 1993). The other well-known cyanobacterial sunscreen is scytonemin. 
Scytonemin absorbs mainly in the UVA, with an absorption maxima of 384 nm in vitro 
(370 nm in vivo). It is produced in response to UVA by a wide variety of cyanobacteria, 
from unicellular to filamentous strains, although it seems to be lacking in planktonic 
species (Garcia-Pichel & Castenholz, 1991, Garcia-Pichel et al., 1992). It is exported into 
the extracellular sheath where it is expressed as a yellow-brown lipid soluble pigment 
(Figure 1). The structure of scytonemin is a heterocyclic indole-alkaloid that is produced 
from tyrosine and tryptophan precursors (Figure 2) (Proteau et al., 1993). It is thought 
that scytonemin absorbs and then releases high-energy photons through thermal de-
excitation to protect the cell (Castenholz & Garcia-Pichel, 2002). 
 
 
  
 
 
 
 
 
 
 
 
Figure 1. Scytonemin expressed as a yellow-
brown pigment in the cyanobacterial 
sheath. Photo courtesy of Dr. Tanya Soule. 
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 Scytonemin production is not constitutive and depends on regulatory 
mechanisms that allow its production primarily when UVA and high light are present 
(Garcia-Pichel & Castenholz, 1991). Biosynthesis of scytonemin is associated with an 18 
gene cluster (gene loci NpR1276-NpR1259) in the cyanobacterium Nostoc punctiforme  
ATCC 29133 (Figure 3) (Soule et al., 2007). In this gene cluster, the first six genes are 
novel genes in the assembly of scytonemin, now annotated as scyA-F. Among them, 
scyABC have been experimentally shown to produce precursors in the proposed 
scytonemin biosynthetic pathway (Balskus & Walsh, 2008, Balskus & Walsh, 2009). Most 
of the other twelve genes are redundant copies in the N. punctiforme genome of genes 
that encode enzymes involved in aromatic amino acid biosynthesis. Previous research 
has shown that the genes in the scytonemin gene cluster in N. punctiforme increase in 
expression 2.8-5.2 -fold within 48 hrs of UVA exposure as compared to cells not exposed  
Figure 3. Scytonemin biosynthetic gene cluster in Nostoc punctiforme. Arrows represent 
genes and transcriptional orientation. White arrows represent unique genes and black 
arrows represent aromatic amino acid biosynthesis genes. Dashed arrows are outside of the 
18-gene cluster, as noted by hash marks. The dark line represents the sequence originally 
identified as associated with scytonemin biosynthesis in a transposon mutagenesis study 
(Soule et al., 2007). 
Figure 2. The chemical structure of 
scytonemin (Proteau et al., 1993). 
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to UVA. Not only does this demonstrate that these genes are responsive to UVA, the 
main scytonemin producing signal, but also suggests there is tight regulation of this 
gene cluster controlled by some UVA signaling mechanism (Sorrels et al., 2009, Soule et 
al., 2009). 
Upstream and adjacent to the scytonemin gene cluster are two genes (NpF1277 
and NpF1278) putatively involved in signaling and regulation as a two-component 
regulatory system (TCRS). When compared to three other cyanobacteria with the 
scytonemin gene cluster, orthologues of these genes are conserved and are almost 
always located upstream of the scytonemin biosynthesis genes (Figure 4). The response 
regulator (RR) from Anabaena and Nodularia, respectively, has 67% and 71% similarity 
in protein sequence as compared to the N. punctiforme orthologue, while the sensor 
kinase (SK) has a similarity of 68% and 72%, respectively, for Anabaena and Nodularia 
(Soule et al., 2009). Furthermore, an updated analysis in 2014 has identified orthologues 
of this TCRS adjacent to the scytonemin gene cluster in at least fifteen cyanobacteria (T. 
Soule, personal communication). Due to this strong conservation, it is hypothesized that 
Figure 4. Scytonemin biosynthetic gene cluster in four strains of cyanobacteria. Note 
the conservation of the TCRS in red. Image not drawn to scale. Colors represent 
different predicted protein functions (Soule et al., 2009). 
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NpF1277 and NpF1278 in N. punctiforme serve as a TCRS involved in regulating 
scytonemin biosynthesis.  
Typical TCRSs contain a SK (usually a histidine kinase, HK) and a RR, and 
cooperatively serve as a response mechanism allowing an organism to react to 
environmental stimuli, such as light, oxygen, salt or pH. Eukaryotic cells contain similar 
response pathways, but are made up of more enzymes and involve more complex 
cellular communication. In a typical TCRS (Figure 5), the HK senses a change in the 
environment and initiates a signaling cascade, which involves auto-phosphorylation of a 
histidine residue on the HK. After this, the HK will undergo a phospho-transfer to 
phosphorylate the RR at an aspartate residue (West & Stock, 2001). Once activated, 
these RRs will be involved in one of several processes, which may include direct enzyme 
activity, protein-protein interactions, or regulation of transcription. For example, a RR 
enzyme activated by phosphorylation, such as the methylesterase CheB, can remove 
methyl groups to inhibit chemoattractant capabilities (Kehry et al., 1984). RRs may also 
be involved in protein-protein interactions, as is the case with Spo0F which shuttles 
phosphate groups between the HK and another phosphotransferase, Spo0B in 
sporulation (Burbulys et al., 1991). Most notably, though, over 60% of all known RRs can 
act as transcription factors. Some RR proteins that have been well-characterized as 
transcription factors include OmpR, which activates genes for porin production, NarL 
which turns on genes for nitrite uptake, and LytR which activates autolysin genes in 
pathogenesis (Galperin, 2006).  
HKs are categorized into several classes for the structural domains they contain 
with the two overall categories described as orthodox and hybrid. Hybrid HKs are 
composed of one polypeptide that contains both a HK domain and a RR domain (Zhang 
& Shi, 2005). The more typical HKs are of the orthodox type. These contain an N-
terminal region for sensing the environmental signal and a C-terminal catalytic domain 
that phosphorylates a response regulator (Stock et al., 2000). Ashby and Houmard, 2006 
arranged most HKs of cyanobacteria into five groups, designated as HKI-HKV. HKI is the  
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simplest of the HKs, only containing two domains for signaling, and are more abundant 
in unicellular cyanobacterial species. HKII may have one or more of three possible 
domains present: GAF (cGMP-specific phosphodiesterases, adenylyl cyclases and Fhl), 
PAS (Per-period circadian protein, Arnt-aryl hydrocarbon receptor nuclear translocator 
protein, and Sim-single-minded protein), or PAC (C-terminal to PAS domain). These 
domains are encountered in many different bacteria. Large numbers of GAF domains 
relate to the role of light in the metabolic activities and gene expression regulation of 
photosynthetic organisms. HKIII contains a HAMP domain, two of which can dimerize to 
transmit a signal across a membrane. This type of HK may also contain the three types 
of domains mentioned above for HKII. HKIV compromises polypeptides that have an N-
terminal serine/threonine kinase domain and a C-terminal HK domain with GAF domains 
in between. These are mainly found in one group of cyanobacteria, the Nostocales. The 
final class, HKV has many different domains linked to a HK domain. These proteins are 
principally used for circadian rhythm (Ashby & Houmard, 2006).  
The HK associated with scytonemin biosynthesis in N. punctiforme, NpF1277, has 
been preliminarily labeled as a HKII. A genomic analysis of NpF1277 reveals the 
following structural domains: HKII+(PAS)2PAS/PAC, which describes the kinase itself and 
a total of three PAS and one PAC domains. PAS/PAC domains have been characterized 
Figure 5. Model of the putative TCRS in this study. 
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as able to bind to small molecules to signal the HK response to stimuli such as light, 
oxygen, pH, and salinity (Ashby & Houmard, 2006). Light sensing may occur through 
chromophore-bound sensory proteins which may bind to small molecules. Inhibitor 
assays have shown that a pterin-like choromophore is involved sensing UVB radiation, 
but no such mechanism has been identified for UVA photosensing (Montgomery, 2007).  
The importance of the HK NpF1277 to light stress will be elucidated further in 
this research as it pertains to adjudicating its function in an NpF1277 regulatory mutant 
or through analysis of its gene expression in response to light-related stress conditions. 
It should also be noted that the putative RR, NpF1278, expected to interact with 
NpF1277, is a class II RR that contains a typical RR domain that is phosphorylated by the 
HK, and a DNA-binding AraC domain (Ashby & Houmard, 2006). Because AraC domains 
are known to be DNA-binding domains, it is anticipated that NpF1278 binds to a 
promoter to recruit RNA polymerase to initiate transcription of the scytonemin gene 
cluster.  
It is hypothesized that the TCRS, NpF1277 and NpF1278, in N. punctiforme is 
associated with scytonemin biosynthesis. As such, these genes are expected to increase 
in expression following environmental stress, namely UVA stress, since it is the main 
condition that induces biosynthesis of the sunscreen. Furthermore, the deletion of one 
or both of these genes should result in a mutant strain impaired in its ability to produce 
scytonemin. Lastly, co-transcription of the TCRS genes is likely to occur because of their 
close association in function as well as adjacency in the N. punctiforme genome.  
To address these hypotheses, NpF1277 and NpF1278 were evaluated for their 
response to various environmental conditions and association with scytonemin 
biosynthesis. For this, the gene expression levels of NpF1277 and NpF1278 were 
measured using quantitative-PCR following exposure to UVA, UVB, high light, and 
oxidative stress for 20, 40, and 60 minutes. The level of co-transcription between these 
two genes was also determined using reverse-transcription PCR. Finally, a vector 
construct was generated for future use to create a mutant strain of N. punctiforme 
lacking the putative SK, NpF1277. 
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While other cyanobacteria besides N. punctiforme are known to produce 
scytonemin, N. punctiforme is the chosen model organism for this study for several 
reasons. First, the genes involved in scytonemin production were first characterized in 
N. punctiforme and almost all studies on scytonemin biosynthesis have been done in 
this organism (Soule et al., 2009). Secondly, the 8.9 Mb genome has been sequenced for 
this organism, facilitating molecular genetic studies (Meeks et al., 2001). Finally, N. 
punctiforme is amenable to genetic manipulation. Two common methods used for DNA 
recombination into the N. punctiforme genome are electroporation and conjugation 
(Koksharova & Wolk, 2002). Conjugation, using the conjugal plasmid, pRL278, is the 
method that was used in this study (Elhai & Wolk, 1988, Cohen et al., 1994). Overall, 
Nostoc punctiforme ATCC 29133 is the only scytonemin-producing organism with all of 
these properties available to study the genetic regulation of scytonemin biosynthesis. In 
this study, the sub-strain ATCC 29133-S was used, as it has been shown to be more 
amenable to conjugation than the wild type (Cohen et al., 1994). 
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CHAPTER 2: GENE EXPRESSION OF A TWO-COMPONENT REGULATORY SYSTEM 
ASSOCIATED WITH SUNSCREEN BIOSYNTHESIS IN THE CYANOBACTERIUM NOSTOC 
PUNCTIFORME ATCC 29133 
 
 
 
Materials and Methods 
 
Culturing and Experimental Conditions 
 Batch cultures of Nostoc punctiforme ATCC 29133 cells were grown in Allen and 
Arnon (AA/4) medium (Allen & Arnon, 1955) at least two to three weeks prior to use to 
obtain stationary phase cultures. Cells were aseptically vacuum-filtered onto six 0.4 µM 
HTTP Isopore™ membrane filters (Millipore) to obtain monolayer cultures to maximize 
light exposure and minimize self-shading for each stress. Filters were placed in glass 
Petri plates floating on 25 ml of AA/4 medium (Garcia-Pichel et al., 1993). Cells were 
given three days of white light acclimation (~40 µmol photons m-2 s-1) before any stress 
was applied. After the acclimation period, stress was administered to half of the cultures 
for 20, 40, or 60 min while the other half of the cultures remained under white light 
without additional stress. All stress conditions were done in the presence of continuous 
white light, as defined above, except for the high light stress, in which the white light 
was provided at a higher intensity (see below). 
 The four stress conditions applied were UVA, UVB, high light, and oxidative 
stress. For UVA stress, standard black light bulbs were used with an output of ~6 W m-2 
over glass-covered plates. For UVB stress, germicidal lamps were used with an output of 
~0.5 W m-2 UVB. Since UVB does not penetrate the glass lids of the Petri plates, plastic 
wrap (Saran wrap) was used to cover the glass plates during the stress interval. High 
light stress was provided at 135 µmol photons m-2 s-1. For oxidative stress, methylene 
10 
 
blue was added to the culture medium at a final concentration of 2 µM. Control samples 
remained under light white as described above. 
 After each stress was applied for either 20, 40, or 60 min, N. punctiforme cells 
were harvested by aseptically transferring the filters to sterile 50 ml Falcon tubes 
containing 25 ml of AA/4 medium. Tubes were then vortexed to release the cells off of 
the filters, after which the filters were aseptically removed. The samples were then 
centrifuged at 4 °C and concentrated to a final volume of ~0.5 ml. The concentrated 
samples were flash-frozen in liquid nitrogen and stored at -80 °C until RNA isolation 
(Soule et al., 2009). 
 
RNA Isolation and Gel Electrophoresis 
 According to Schmidt and Goff, total RNA was extracted from the frozen cells 
using 0.58 g 0.5 mm glass beads, 33.3 µl DEPC-treated water, 167 µl Celpure, and 583 µl 
Tris-buffered phenol. Samples were shaken in a MiniBead Beater (Biospec) for 160 sec 
and then centrifuged at 4 °C for 15 min. For each sample, the top aqueous layer was 
transferred to 600 µl chloroform, mixed, and then spun at 4 °C for another 15 min. The 
aqueous layer was then extracted again in 600 µl chloroform by mixing and 
centrifugation at 4 °C for 10 min. The aqueous layer was then removed from the 
previous chloroform extraction and mixed with 500 µl precipitation solution (4 M LiCl, 
20 mM Tris at pH 7.4, and 10 mM EDTA at pH 8). The RNA samples were allowed to 
precipitate overnight at -20 °C (Schmidt-Goff & Federspiel, 1993, Summers et al., 1995). 
 Following overnight precipitation, the frozen samples were spun down for 15 
min at 4 °C to obtain RNA pellets. For each sample, the supernatant was decanted and 
the pellets were resuspended in 70% ethanol. The cells were respun as described above, 
the supernatant decanted, and the final pellets were dissolved in 100 µl Tris-EDTA 
buffer (pH 7.4) before storing at -80 °C (Schmidt-Goff & Federspiel, 1993, Summers et 
al., 1995). RNA quality was assessed on a 1% agarose gel run in 1X TAE buffer at 100 V 
for 30 min. RNA was visualized with EZ Vision In-Gel Solution (Amresco) and the samples 
were quantified using a Nanodrop spectrophotometer (Thermo Scientific). 
11 
 
DNase-Treatment and cDNA Synthesis 
To eliminate genomic DNA contamination from RNA samples, a DNase protocol 
was employed (TURBO DNase, Ambion). For this, 1 µl TURBO DNase was used per 10 µl 
of crude RNA. The DNase was incubated with the RNA for 30 min at 37 °C followed by 
the addition of 2 µl DNase Inactivation Solution to terminate the reaction. This solution 
was then centrifuged for 1 min and the top, clear layer, was removed since the 
inactivation solution can inhibit downstream applications, such as PCR. From this 
aliquot, 5 µl was diluted into 15 µl of PCR water. From this 20 µl solution, 1 µl was used 
as template in standard PCR of the treated RNA to confirm the absence of DNA 
contamination. For this, 25 µl reactions were setup containing 2.5 µl 10X DreamTaq DNA 
polymerase buffer, 200 µM dNTPs, 0.4 µM of each primer, and 1.25 units DreamTaq 
DNA polymerase (Thermo Fisher Scientific). Primers used in this reaction targeted DNA 
gyrase (NpF0025, see Table 1), which is a housekeeping gene shown to be expressed at 
steady levels under UVA stress (Sorrels et al., 2009). The positive control contained N. 
punctiforme genomic DNA as the template and the negative control contained water in 
place of template DNA. PCR was performed in a BioRad T100™ Thermal Cycler with the 
following parameters:  94 °C for 5 min, 35 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 
°C for 1 min followed by a final extension time of 10 min at 72 °C. Gel electrophoresis 
was done to assess the products as described above (Sorrels et al., 2009). DNA-free RNA 
samples were quantified on a Nanodrop spectrophotometer and 1 µg was used for 
cDNA synthesis using the Sensi-Fast cDNA Synthesis Kit (Bioline). For this, 4 µl 5X Sensi-
Fast buffer was used with 1 µl reverse transcriptase enzyme, along with 1 µg RNA in 20 
µl reactions. cDNA synthesis was performed in a thermal cycler as follows: 25 °C for 10 
min, 42 °C for 15 min, and 85 °C for 5 min. Products were used in standard PCR, as 
described above, to check the quality of cDNA prior to quantitative PCR. PCR products 
were assessed in 1% agarose gels as described above. For the oxidative stress 
experiments, the Tetro cDNA Synthesis Kit (Bioline) was used following the 
manufacturer’s protocol before the Sensi-Fast cDNA Synthesis Kit was made the 
standard. The protocol for the Tetro cDNA Synthesis Kit is as follows: 1 µl of random 
12 
 
hexamer primers, 1 µl 10 mM dNTP mix, 4 µl 5X reverse transcriptase buffer, 1 µl RNase 
inhibitor, and 1 µl Tetro Reverse Transcriptase with up to 5 µg of RNA in 20 µl reactions. 
The only changes to the thermal cycling parameters were 45 °C for 30 min as compared 
to the Sensi-Fast protocol which was at 42 °C for 15 min. 
 
Table 1. Primers used in gene expression and co-transcription analysis. 
 
 
Quantitative PCR and Statistical Analysis 
 Quantitative PCR (qPCR) was used to measure the expression levels of NpF1277 
and NpF1278 transcripts following each stress. Each 20 µl reaction was done in triplicate 
Primer 
Name 
Primer Sequence  
(5’-3’)* 
Melting 
Temperature 
(Tm, °C) 
Product Size 
(bp) Purpose 
gyrF  CCATGAGCGTGATAGTGG 54.9 195 
qPCR reference 
gene (Sorrels et al., 
2009) gyrR 
CCAAGGCATCAT
ATACTGC 53.3 
Npun_F1277For ATCGATCGCATACCTGGCAC 60 110 qPCR expression 
analysis Npun_F1277Rev AAGGTAGTGCCCACACCAAG 59 
Npun_F1278For  AAGGCAAACGGGAGAGACTG 60 179 qPCR expression 
analysis Npun_F1278Rev AAGCTTGGGGAGGTAAACCG 60 
NpF1259coF GCAGGCTAGCTTGATTTTGG 54.4 465 
RT-PCR negative 
control primers 
(Soule et al., 2009) NpF1258coR 
AAGCCGCAGCAT
CTACAGTT 57.1 
NpF1276coF CCAGCTAAAAATGGAGCCAA 53.3 506 
RT-PCR positive 
control primers 
(Soule et al., 2009) NpF1275coR 
CGTGTCATGGAT
GGCAATAA 53.1 
NpF1277.3b 
AGTTTTCCCAGT
CACGACGTTTCA
GAGTTTAGTAGT
TCCGAG 
60 
589 RT-PCR primers  
for the TCRS 
NpF1278.2 
AACGTCGTGACT
GGGAAAACTTGC
CGTAAGAGGATC
TTGG 
60.2 
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and contained 10 µl 2X iTaq Universal SYBR Green Supermix (BioRad), 0.5 µM of each 
forward and reverse primer (see Table 1), and 1 µl of cDNA. The reference gene for 
qPCR was DNA gyrase, as described above, which was assessed in parallel along with 
NpF1277 and NpF1278 for all samples. Positive controls contained 1 µl of N. punctiforme 
genomic DNA and negative controls contained 1 µl of water as the template. qPCR was 
performed in a BioRad CFX Connect™ Real-Time PCR Detection System with the 
following conditions:  95 °C for 3 min and 39 cycles of 95 °C for 10 s and 55 °C for 30 s 
followed by a melt curve analysis.  
The copy number of cDNA fragments amplified by each set of primers is 
expressed as the Cp value (PCR cycle at which the product amplification crosses a 
threshold value). The Cp from stressed cells was compared to the Cp from unstressed 
cells to calculate a relative fold change in transcript or gene expression level. 
Furthermore, each Cp was normalized to the Cp value of the reference gene, DNA 
gyrase. The normalized fold change, ΔΔCq, was calculated according to the formula in 
Figure 6 (Pfaffl, 2001).   
 
Figure 6. ΔΔCq formula for calculating the fold change in relative expression between a 
sample and control normalized to a reference gene. E: the efficiency of the reaction 
which is set to 2 by default; target: gene of interest; ref: reference gene which was DNA 
gyrase; control: unstressed cells; sample: stressed cells. Image taken from Pfaffl, 2001. 
 
 
Analysis of gene expression data was completed in the CFX Manager software 
(BioRad) by comparing the fold change between stressed and unstressed cells. The fold 
change threshold used to determine significance was 2.00 at p ≤ 0.05. While a 2-fold 
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threshold is arbitrary, it has been used in similar studies (Soule et al., 2013). The p-
values were calculated according to the Students’ t-test. 
 
Co-Transcription Analysis of NpF1277 and NpF1278 
 Reverse transcription PCR (RT-PCR) was used to determine if the genes of the 
TCRS, NpF1277 and NpF1278, were expressed on the same mRNA transcript. For this, 
cDNA from cells that were stressed for 20 min under UVA was used (see above) since it 
was already known that NpF1277 and NpF1278 expression increased under these 
conditions (see Results). Three primer sets were used in this analysis, which amplify the 
target genes as well as the intergene regions, which would only be present on a cDNA 
transcript (Figure 7). These primers were: NpF1277.3b and NpF1278.2, which were used 
to determine if NpF1277 and NpF1278 are co-transcribed, NpR1259coF and 
NpR1258coR, which served as a negative control because they amplify adjacent genes 
on opposite strands, and NpR1276coF and NpR1275coR, which was used as a positive 
control, as previously validated on cDNA samples from cells under 48 hrs of UVA stress 
(Soule et al., 2009). Products were amplified by PCR (using the conditions described 
above) and products were assessed on 1% agarose gels. 
 
Figure 7. Priming sites for co-transcription analysis. Red arrows represent the primer 
orientation and red lines represent the expected transcript. Bold dashed, unknown; bold 
solid, positive control; dashed faded, negative control. Figure is not drawn to scale. 
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Results 
 
 
Assessment of RNA Quality, DNase Treatment, and cDNA Quality 
 Total RNA isolated from stressed and unstressed N. punctiforme cells after 20, 
40, and 60 min was assessed via agarose gel electrophoresis for all four stressors. Figure 
8 shows visible bands representing ribosomal RNA of the total RNA extracted from UVA-
stressed cells for all three time points. PCR amplification of the total RNA following 
DNase treatment shows no genomic DNA contamination in these samples for any of the 
three time points (Figure 9). Following cDNA synthesis, a final PCR was run on the cDNA 
of the UVA-stressed samples to assess quality before using it in qPCR. PCR products of 
amplified cDNA were assessed by agarose gel electrophoresis (Figure 10). RNA 
extraction, DNase treatment, and cDNA synthesis results for the other stresses were 
also assessed with similar results (data not shown). 
Gene expression analysis for UVA-stressed and unstressed samples by qPCR 
show that both genes are slightly up-regulated following 20 min of stress. By 40 min the 
level of up-regulation did not cross the two-fold threshold set for significance for either 
gene (Figure 11). For UVB, both genes are up-regulated following 20 min of stress. While 
the 40 min time point did not have statistical significance, by 60 min both genes were 
down-regulated (Figure 12). High light expression levels showed only NpF1278 is 
statistically supported as being slightly up-regulated following 20 min of stress. While 
neither gene displayed statistically significant differential expression at 40 min, they 
were both slightly up-regulated by 60 min (Figure 13). Gene expression analysis for 
oxidative stress shows that neither gene displayed statistically significant differential 
expression from 20 to 60 min, which was the entire duration of the experiment (Figure 
14). 
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Figure 8. Total RNA isolated from UVA-stressed and unstressed cells for 20, 40, and 60 
min, respectively. A, B, C: Lanes 1-3: RNA from UVA unstressed cells, lane 4: molecular 
mass standard, lanes 5-7: RNA from UVA-stressed cells.  
 
 
 
 
 
Figure 9. PCR products from DNase-digested RNA isolated from UVA-stressed and 
unstressed cells. A) RNA template from cells stressed with UVA for 20 and 40 min. Lane 
1: no template control, lanes 2-4, RNA template from 20 min unstressed cells, lanes 5-7: 
RNA template from 20 min UVA-stressed cells, lane 8: molecular mass standard, lanes 9-
11: RNA template from 40 min unstressed cells, lanes 12-14: RNA template from 40 min 
UVA-stressed cells, lane 15: positive control genomic DNA (195 bp). B) RNA template 
from cells stressed with UVA for 60 min. Lane 1: no template control, lanes 2-4, RNA 
template from unstressed cells, lane 5: molecular mass standard, lanes 6-8: RNA 
template from UVA-stressed cells, lane 9: positive control genomic DNA.  
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Figure 10. PCR products from cDNA of UVA-stressed and unstressed cells. A) cDNA 
template from cells treated with UVA for 20 and 40 min. Lane 1: no template control, 
lanes 2-4: cDNA template from 20 min unstressed cells, lanes 5-7: cDNA template from 
20 min UVA-stressed cells, lane 8: molecular mass standard, lanes 9-11: cDNA template 
from 40 min unstressed cells, lanes 12-14: cDNA template from 40 min UVA-stressed 
cells, lane 15: positive control genomic DNA (195 bp). B) cDNA template from cells 
treated with UVA for 60 min. Lane 1: no template control, lanes 2-4, cDNA template 
from unstressed cells, lane 5: molecular mass standard, lanes 6-8: cDNA template from 
UVA-stressed cells, lane 9: positive control genomic DNA. 
 
 
.  
Figure 11. Fold change in gene expression for UVA-stressed vs. unstressed cells following 
20, 40, and 60 min of stress. Blue diamonds: NpF1277; red squares: NpF1278; asterisks: 
significance at p ≤ 0.05; dashed lines delimit the two-fold significance threshold; error 
bars: standard deviation for triplicate samples. 
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Figure 12. Fold change in gene expression for UVB-stressed vs. unstressed cells following 
20, 40, and 60 min of stress. Blue diamonds: NpF1277; red squares: NpF1278; asterisks: 
significance at p ≤ 0.05; dashed lines delimit the two-fold significance threshold; error 
bars: standard deviation for triplicate samples. 
 
 
 
Figure 13. Fold change in gene expression for high light-stressed vs. unstressed cells 
following 20, 40, and 60 min of stress. Blue diamonds: NpF1277; red squares: NpF1278; 
asterisks: significance at p ≤ 0.05; dashed lines delimit the two-fold significance 
threshold; error bars: standard deviation for triplicate samples. 
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Figure 14. Fold change in gene expression for oxidative-stressed vs. unstressed cells 
following 20, 40, and 60 min of stress. Blue diamonds: NpF1277; red squares: NpF1278; 
asterisks: significance at p ≤ 0.05; dashed lines delimit the two-fold significance 
threshold; error bars: standard deviation for triplicate samples. 
 
 
Co-Transcription Analysis of NpF1277 and NpF1278 
 Reverse-transcription PCR was used to determine if NpF1277 and NpF1278 were 
co-transcribed using cDNA from cells stressed with UVA for 20 min as well as from the 
corresponding unstressed cells. For this, the cDNA was amplified using primers 
NpF1277.3b and NpF1278.2, which will amplify the ends of the NpF1277 and NpF1278, 
as well as the intergene region (see Figure 7). A product was obtained for cDNA 
amplified with the primers NpF1277.3b and NpF1278.2 as well as for the positive 
control primers, which amplified the intergene region between the first two scytonemin 
biosynthetic genes (NpR1276 and NpR1275), as previously determined (Soule et al., 
2009). No product was obtained for the negative control, which was designed to amplify 
two adjacent genes transcribed on opposite strands (NpR1259 and NpR1258) (Figure 
15). 
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Figure 15. RT-PCR products. Lane 1: molecular mass standard, lanes 2, 4, 6: RT-PCR 
products using cDNA from cells stressed with UVA for 20 min, lanes 3, 5, 7: RT-PCR 
products using cDNA from unstressed cells in the same experiment, lanes 2-3: cDNA 
amplified with negative control primers (NpR1259coF and NpR1258coR), lanes 4-5: 
cDNA amplified with positive control primers (NpR1276coF and NpR1275coF), lanes 6-7: 
cDNA amplified with the TCRS primers (NpF1277.3b and NpF1278.2). 
 
 
Discussion 
 The purpose of this study was to measure the temporal expression of two genes, 
NpF1277 and NpF1278, that form a TCRS hypothesized to regulate scytonemin 
biosynthesis (Soule et al., 2009), following the application of UVA, UVB, high light, and 
oxidative stress. These conditions were chosen because of their relationship to UVA, the 
primary inducer of scytonemin biosynthesis in N. punctiforme. UVB is spectrally similar 
to UVA, while high light has been shown to enhance the biosynthetic response in other 
strains (Garcia-Pichel & Castenholz, 1991). Oxidative stress was selected since UVA 
photosensitization generates ROS under oxic conditions in living systems. The time 
points of 20, 40, and 60 min for expression analysis were chosen because a previous 
study did not detect any significant change in the expression of the TCRS genes 
following UVA stress from 24 to 72 hrs (Soule et al., 2009). This was probably the case 
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because the TCRS expression response is anticipated to happen quickly upon stress 
exposure, thus shorter time points than 24 hrs were assayed.  
UVA and UVB stress resulted in an early (20 min) up-regulation of both NpF1277 
and NpF1278. For UVA, the only significant change in expression (≥2 fold change, p ≤ 
0.05) occurred after 20 min, while under UVB stress, the genes were significantly down-
regulated by 60 min. Cells under high light stress were moderately (< 3 fold) up-
regulated after 20 and 60 min of stress, while oxidative stress did not result in a 
significant change in expression of the TCRS genes. Thus, the hypothesis that NpF1277 
and NpF1278 respond to UVA was correct, although they also appear to respond to UVB 
and high light stress as well. 
 To elaborate further, at least three observations are made. First, if NpF1277 and 
NpF1278 genes encode for a putative TCRS, then it would make sense that the two 
genes would show similar patterns in expression. This observation aligns with the RT-
PCR results, which suggest that these genes are co-transcribed. Secondly, these genes 
were up-regulated under UVA, UVB, and high light stress, but not under oxidative stress. 
This supports the idea that the putative sensor kinase, NpF1277, may only respond to 
light-associated stresses.  
One particular weakness in this study is that the 20 and 40 min experiments 
were done together for each stress, while the 60 min experiments were done at a 
separate time. Future research would have to start with completing this study again by 
performing all three time points for each stress in parallel. Furthermore, elucidating the 
mechanism of how the sensor kinase (NpF1277) senses UV stress would provide 
valuable insight. As such, current studies in our lab are looking at the possibility that 
UVR is sensed through pterin-like molecules by assessing the effect of pterin inhibitors 
on the sunscreen biosynthesis. 
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CHAPTER 3: ANALYSIS OF A PUTATIVE HISTIDINE KINASE ASSOCIATED WITH SUNSCREEN 
BIOSYNTHESIS IN NOSTOC PUNCTIFORME ATCC 29133 
 
 
 
Materials and Methods 
 
Cyanobacterial Strains and Culture Conditions 
Two cyanobacterial strains of Nostoc punctiforme were used in the process of 
conjugation: N. punctiforme ATCC 29133 was used for genomic DNA isolation to obtain 
PCR products and was cultured in Allen and Arnon (AA/4) medium (Allen & Arnon, 
1955). The N. punctiforme ATCC 29133-S strain was used for conjugation because it is 
more suitable for plasmid uptake than the wild-type strain (Cohen et al., 1994). N. 
punctiforme ATCC 29133-S was cultured in AA/4 medium supplemented with 0.25 mM 
NH3Cl and 0.5 mM MOPS buffer (AA/4+N). Both strains were routinely grown under 
white light (~40 µmol photons m-2 sec-1) in batch cultures. When necessary, plates were 
solidified with 1% Noble agar. 
 
Genomic DNA Isolation and Gel Electrophoresis 
Genomic DNA was isolated from N. punctiforme ATCC 29133 using the 
PowerPlant™ DNA Isolation Kit (MoBio Laboratories). DNA quality was assessed on 1% 
agarose gel run at 100 V for 30 min. Visualization of DNA was obtained by adding EZ 
Vision® In-Gel Solution (Amresco) to gels prior to solidifying. DNA samples were 
combined with 6X loading dye while the GeneRuler™ 1 Kb Plus DNA Ladder (Thermo-
Fisher) was used for DNA size determination. 
 
 
23 
 
Fusion PCR of the ΔNpF1277 PCR Product 
N. punctiforme genomic DNA was used as the template to amplify the initial 
products for fusion PCR. In this approach, two initial PCR products (products A and B) 
are “fused” together via complementary base pairing from the ends of the primers. 
Primers 1277.2 and 1277.3 each have a complementary 21 bp fragment on the 5’ ends 
for fusion of the two initial PCR products. The fused product, ΔNpF1277 (1721 bp), 
contains a deletion of the central region of the NpF1277 gene (1779 bases deleted), 
resulting in an in-frame truncated ΔNpF1277 gene product that is used to knockout the 
functional NpF1277 gene in N. punctiforme (Figure 16). This process requires two 
sequential PCR reactions; the first step permits the complementary base pairing (fusion) 
to occur for products A (829 bp) and B (892 bp) while the second step amplifies the 
fused 1721 bp product. 
PCR product A included 829 bp of the 5’ region of NpF1277 and the flanking 
upstream intergene region while product B was composed of 892 bp the 3’ region of 
NpF1277 and the flanking downstream intergene region. Product A was amplified with 
primers 1277.1 and 1277.2 and product B was amplified with primers 1277.3 and 1277.4 
(Table 2). For amplification of the products, each 25 µl PCR reaction contained 2.5 µl 10X 
Vent Taq polymerase buffer, 200 µM dNTPs, 0.4 µM of each primer, 1.25 Units Vent Taq 
polymerase (New England BioLabs) and 10 ng of genomic DNA, PCR conditions were as 
follows: 94 °C for 5 min, 35 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min 
with a final extension of 72 °C for 10 min. To optimize the annealing temperature for 
primers 1277.3 and 1277.4 a gradient in the annealing temperature was used: 63 °C, 
61.1 °C, 58.8 °C, and 56.9 °C. Furthermore, since obtaining and using product B 
continued to be problematic, new primers were designed; 1277.3b and 1277.4b (see 
Table 2). All PCR products were confirmed on a 1% agarose gels as described above and 
purified with a QIAquickPCR Purification Kit (Qiagen). After purification, a Nanodrop 
spectrophotometer (Thermo Scientific) was used to quantify each product.  
Fusion of product A (829 bp) and product B (892 bp) was done using two sequential PCR 
reactions that used the complementary DNA sequences engineered onto the 5’ ends of 
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primers 1277.2 and 1277.3b to generate a single product 1721 bp in length (ΔNpF1277). 
While this product contains the upstream and downstream regions of NpF1277 to 
facilitate genetic recombination, it lacks the central region of the gene, rendering it non-
functional. For fusion, the high-fidelity PFU polymerase was used to minimize errors 
during PCR. For the first PCR, each 50 µl reaction contained 10 µl 5X PFU polymerase 
buffer, 200 µM dNTPs, 5 Units PFU polymerase (Thermo Scientific) and purified PCR 
products A and B. These purified products were used as the template and the primers in 
the first step with the goal of annealing the complementary regions of primers 1277.2 
and 1277.3b. For this they were tested using low (0.5 µl of each product) and high (2.5 
µl of each product) volumes. The PCR conditions were the same as above except 15 
cycles were used and a denaturing temperature of 98°. The second step of fusion PCR 
was also done in 50 µl reactions which consisted of 10 µl 5X PFU polymerase buffer, 200 
µM dNTPs, 0.4 µM of each primer 1277.1 and 1277.4b, 5 Units of PFU polymerase 
(Thermo Scientific) and 20 µl of the unpurified product from the first PCR step. The PCR 
conditions were the same as above, except 30 cycles were used. Since the first attempt 
made with this protocol was unsuccessful a temperature gradient (60.4 °C, 58.9 °C, and 
55.5 °C) was used to optimize the annealing temperature. Products of 1721 bp were 
confirmed by agarose gel electrophoresis and quantified using a Nanodrop 
spectrophotometer following purification as described above. 
 
Cloning of the ΔNpF1277 PCR Product into the Conjugal Plasmid pRL278 
 For isolation of the pRL278 conjugal plasmid (Table 3), E. coli cells containing 
pRL278 were grown in Terrific Broth (TB) with kanamycin (50 µg ml-1). Plasmids were 
isolated from 5 ml cultures following the protocol for Alkaline Lysis Mini-prep (see 
Appendix) (Sambrook et al., 1989). Isolated plasmids were confirmed through agarose 
gel electrophoresis and the concentrations were determined using a Nanodrop 
spectrophotometer. 
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Figure 16. Fusion PCR. The truncated NpF1277 fusion product was made by fusing 
products A and B using complementary overhangs from primers 1277.2 and 1277.3b. 
Also shown are the restriction sites on products A and B for use in cloning. 
 
 
Restriction digestions of the fused linear PCR product and plasmid pRL278 were 
done using 2 µl 10X Fast Digest Enzyme buffer with 1 Unit XhoI and 1 Unit BamHI 
(Thermo Scientific) in 30 µl (fused PCR product) and 20 µl (pRL278) reactions. The 
template consisted of 0.2 µg DNA for the fused PCR product and 1 µg for pRL278. The 
reactions were incubated at 37 °C for 1 hr and then the digestion enzymes were 
deactivated for 5 min. at 80 °C. Digestion reactions for the plasmid were confirmed on 
1% agarose gels. Due to the small size, the digested PCR products could not be 
confirmed. 
After digestion, ligation of pRL278 with the digested PCR fusion product was 
done using 1 µl 10X T4 Ligase buffer and 1 Unit T4 Ligase Enzyme (Promega) in 10 µl 
reactions. The DNA amount varied and was dependent upon the ratio of PCR product 
(insert) to plasmid (vector). Ratios of insert to vector that were used included 1:1, 3:1, 
and 5:1. The ligation reactions were incubated at 4 °C overnight and used directly for 
transformation into E. coli. 
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Table 2. Primers used for fusion PCR and colony PCR. 
 
Primer 
Name 
Primer Sequence (5’-
3’)* 
Melting 
Temperature 
(Tm, °C) 
Product 
Size (bp) 5’ Modification 
1277.1  tacatgCTCGAGcttgggacggatgactaagc 59.7 
829 
Xhol 
1277.2  
AACGTCGTGACTGGGA
AAACTttctcctaaac
aaaaggcagc 
60 Complementary sequences 
1277.3  
AGTTTTCCCAGTCACG
ACGTTcttggtgtggg
cactacctt 
60 
768 
Complementary 
sequences 
1277.4  ggagtaGGATCCaagggattgtggcttcttca 59.7 BamHl 
1277.3b  
agttttcccagtcacg
acgttTCAGAGTTTAG
TAGTTCCGAG 
60 
892 
Complementary 
sequences 
1277.4b  ggagtaggatccCAGCAGTTTACAGTCTCTCC 59.7 BamHI 
1277.1N tacatgctcgagTTTGTTGATTCAAGCCAAGC 58.9 1459 
Xhol 
1277.4N ggagtaggatccAAGGGATTGTGGCTTCTTCA 59.7 BamHl 
*Capitalized letters represent restriction enzyme sites or complementary sequences for 
fusion where noted.  
 
 
 For transformation, 10 µl of the ligation reaction was added to 50 µl of 
chemically competent DH5α-MCR cells (see Appendix) and kept on ice for 30 min. Cells 
were then heat-shocked for 45 s at 42 °C and put on ice for another 3 min followed by 
addition of 950 µl of SOC medium. Cells were incubated at 37 °C while shaking for 1.5 
hrs and 100 µl were spread-plated onto Luria-Bertani (LB) agar plates with kanamycin 
(50 µg mg-1). The plates were incubated overnight at 37 °C to allow colonies to form.  
 
Adenylation of the ΔNpF1277 PCR Product and pGEM®-T Cloning 
 Since no colonies formed from direct ligation of the fused PCR product into 
pRL278, cloning into the linear vector pGEM®-T (Promega) was used as an intermediate 
step. This allows for direct ligation of a PCR product containing a 3’ A-overhang with the 
pGEM®-T vector, which contains a complementary 3’ T-overhang. Following excision of 
the fused PCR product from pGEM®-T, ligation into pRL278 can occur through cloning 
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using complementary restriction sites. Since PFU polymerase does not add an adenine 
to the 3’ end of PCR products, adenine was added to the 3’ end of the fused PCR 
product in a separate reaction. For each A-tailing 10 µl reaction, 2 µl 5X OneTaq DNA 
polymerase buffer, 200 µM ATPs, 1 Unit OneTaq DNA polymerase (New England 
BioLabs), and 0.5 µl of the purified fused PCR product were combined and incubated at 
70 °C for 10 min. The fused products with A-tails were then ligated into pGEM®-T in 
reactions using 5 µl 2X pGEM®-T Ligation buffer, 1 µl pGEM®-T linearized vector, 3 µl 
(150 ng) A-tailed fusion product, and 1 µl T4 DNA Ligase in a total volume of 10 µl. The 
ligation reaction proceeded overnight at 4 °C and 2 µl was used directly in 
transformation as described above, except that the LB plates contained X-gal (80 µg ml-
1), IPTG (0.5 mM), and ampicillin (100 µg ml-1) for blue/white screening. 
 
Table 3. Strains and plasmids used in this study. 
Strain or Plasmid Relevant Characteristics* References 
Strains 
E. coli 
DH5a-MCR 
UC585 
 
 
 
 
Nostoc punctiforme 
ATCC 29133 
ATCC 29133-S 
 
 
 
Competent cells 
Contains pRK24 (mobilizes shuttle 
vectors) and pRL528 (methylated 
to protect against nucleases); cmR, 
ampR 
 
 
Wild type (scytonemin-producer) 
Conjugation strain 
 
 
(Black et al., 1993) 
(Liang et al., 1993) 
 
 
 
 
 
(Rippka et al., 1979) 
(Cohen et al., 1994) 
Plasmids 
pGEM®-T Easy 
Vector 
 
pRL278 
 
Cloning vector (ampR, IPTG, lacZ) 
 
kanR, sacB   
 
Promega 
 
(Elhai & Wolk, 1988) 
*kanR, kanamycin-resistant; cmR, chloramphenicol-resistant; ampR, ampicillin-resistance; sacB, 
sensitivity to sucrose  
 
Blue/white screening is based on insertional inactivation of the β-galactosidase 
gene on the pGEM®-T vector. If the PCR product is not properly inserted into the vector, 
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then the X-gal lactose analog in the medium induced will be hydrolyzed by a functional 
β-galactosidase gene and result in blue colonies. If, however, the PCR product is 
properly inserted, it will interrupt the β-galactosidase gene and inactivate it. This makes 
it unable to cleave X-gal, resulting in white colonies. Ampicillin is also added to the 
medium because pGEM®-T contains an ampicillin-resistance gene for selection of 
transformed colonies (Lerner & Inouye, 1990). 
Following transformation, white colonies were confirmed through colony PCR 
using primers, 1277.1N and 1277.4N (Table 2). For this, each colony tested was removed 
from the plate and mixed into 20 µl of sterile water. Each PCR reaction had total volume 
of 25 µl and contained 2.5 µl 10X Vent Taq polymerase buffer, 200 µM dNTPs, 0.4 µM of 
each primer, 1.25 Units Vent Taq polymerase (New England BioLabs), and 2 µl of the 
colony mixture. PCR conditions were 94 °C for 5 min, 30 cycles of 94 °C for 30 s, 55 °C for 
30 s, and 72 °C for 1 min with a final extension of 72 °C for 10 min. Products were 
confirmed on 1% agarose gels. 
 
Fusion PCR with OneTaq DNA Polymerase 
 Since no positive colonies were obtained using the A-tailing procedure it was 
thought that the A-tailing was unsuccessful, disallowing for ligation into pGEM®-T. To 
avoid A-tailing, new fusion products were obtained using OneTaq DNA polymersase 
(New England Biolabs), which would add adenines onto the 3’ end of the fused product 
and allow for the direct ligation into pGEM®-T. 
 Products A and B were obtained as described above and confirmed by agarose 
gel electrophoresis. The first fusion PCR reaction was the same as above except that the 
cycling conditions were modified; 98 °C for 5 min, 19 cycles of 98 °C for 30 s, 55 °C for 30 
s, and 72 °C for 1 min with a final extension of 72 °C for 10 min. For the second step of 
fusion PCR, OneTaq DNA polymerase was used instead of PFU polymerase. These 50 µl 
reactions contained 6 µl 5X OneTaq polymerase buffer, 200 µM dNTPs, 0.4 µM of each 
primer (1277.1 and 1277.4b), 5 Units OneTaq DNA polymerase (Thermo Scientific) and 
20 µl of the product from the first step of fusion PCR. PCR conditions for the second step 
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were 94 °C for 5 min, 30 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min with a 
final extension of 72 °C for 10 min. The fused 1721 bp product (ΔNpF1277) was 
confirmed by 1% agarose gel electrophoresis and the product was purified using the 
UltraClean® PCR Clean-Up Kit (MoBio Laboratories). The concentration of the product 
was determined on a Nanodrop spectrophotometer. 
 
Cloning the ΔNpF1277 PCR Product into pGEM®-T and Sequencing of the Products 
 The ΔNpF1277 PCR product was then inserted into the pGEM®-T vector. Each 10 
µl ligation reaction contained 5 µl 2X pGEM®-T Ligation Buffer, 1 µl pGEM®-T linearized 
vector, 2 µl ΔNpF1277 PCR product and 1 µl T4 Ligase. The ligation reaction was allowed 
to proceed overnight at 4 °C and 2 µl was used for transformation into competent E. coli 
DH5α-MCR cells following the same protocol as previously described. Plating, 
blue/white screening of clones, and colony PCR were then done as described above. 
Positive clones were grown at 37 °C with shaking overnight in LB with ampicillin (100 µg 
ml-1) for use in plasmid isolation (see Appendix). Plasmids were quantified using a 
Nanodrop spectrophotometer and sequenced using M13 primers based on priming sites 
on the pGEM®-T vector. Sequences were edited in Chromas Lite and aligned to the wild-
type N. punctiforme NpF1277 gene using MEGA 6 (www.megasoftware.net) to confirm 
the correct product. 
 The ΔNpF1277 DNA insert was excised from pGEM®-T using the restriction 
enzymes BamHI and Xhol based on sites engineered onto the 1277.1 and 1277.4b 
primers. The digestion protocol used was the same as described above for plasmid 
digestion. Following digestion, gel electrophoresis was performed to confirm that the 
1721 bp product was excised from pGEM®-T. Once confirmed, this product was 
extracted from the gel and, purified using the UltraClean® GelSpin DNA Extraction Kit 
(MoBio Laboratories) and quantified as described above. 
 The conjugal plasmid pRL278 was isolated from E. coli DH5α following the same 
plasmid isolation protocol described above and assessed through gel electrophoresis. 
pRL278 was linearized using BamHI and Xhol as described above to generate compatible 
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ends for directional cloning of the ΔNpF1277 PCR product. Following restriction 
digestion, gel electrophoresis was performed to confirm linearization of the vector. 
 Ligation was performed to directionally clone the ΔNpF1277 PCR product into 
the linear pRL278 vector using compatible BamHI and Xhol restriction sites following the 
same protocol as described above. After ligation, transformation into E. coli strain 
UC585 was done following the same protocol as previously described. Strain UC585 
contains two plasmids that are vital for conjugation (see Table 3). The first, pRK24, is a 
helper plasmid that has elements for mobilizing shuttle vectors during conjugation and 
the second is pRL528 which contains methylases that protect against AvaI and AvaII 
endonucleases in cyanobacteria. Clones were selected on LB agar with chloramphenicol 
(10 µg mL-1) and ampicillin (50 µg mL-1) as afforded by the helper plasmid, as well as 
kanamycin (50 µg mL-1) following transformation with pRL278. Colony PCR was done as 
above to identify clones with the ΔNpF1277 PCR product. Plasmids were isolated from 
the positive clones, sequenced, and analyzed as previously described above, except that 
the primers used were 1277.1N and 1277.4N. Positive clones of E. coli strain ΔNpF1277 
were stored in glycerol stocks at -80 °C. 
 
Conjugation and Recombination of the ΔNpF1277 PCR Product into N. punctiforme ATCC 
29133-S 
Insertion of the ΔNpF1277 PCR product into N. punctiforme ATCC 29133-S 
through conjugation was done according to Cohen, 1994 (Cohen et al., 1994, Cohen et 
al., 1998). The original attempt was a tri-parental conjugation, with two strains of E. coli 
(containing either a helper plasmid or the conjugal donor plasmid) and the N. 
punctiforme ATCC 29133-S recipient strain. Since mutant colonies were not obtained 
following multiple attempts using the tri-parental method, the bi-parental approach was 
used for the remainder of the experiments. This method employs only one E. coli strain, 
UC585 carrying pRL278 with the ΔNpF1277 PCR product (E. coli strain ΔNpF1277), along 
with the N. punctiforme ATCC 29133-S recipient strain. 
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N. punctiforme ATCC 29133-S cells were prepared for conjugation by growing a 
500 ml culture in AA/4+N to a density of about 3 µg chlorophyll a ml-1 cells 
(approximately three-week culture). On the day of conjugation, these cells were 
concentrated to approximately 250 µg chlorophyll a ml-1 through centrifugation and 
resuspension of the pellet into the calculated volume of AA/4+N medium. Chlorophyll a 
concentration was determined following extraction in 90% methanol for 5 min in the 
dark at room temperature, and by multiplying the absorbance at 665 nm by 12.7 based 
on the extinction coefficient (Meeks & Castenholz, 1971). Concentrated N. punctiforme 
cells (200 µl) were aliquoted into six Eppendorf tubes for conjugation with E. coli. 
E. coli ΔNpF1277 cells used in conjugation were prepared from a culture of 2 mL 
TB with chloramphenicol (10 µg mL-1), ampicillin (50 µg mL-1), and kanamycin (50 µg mL-
1) incubated at 37 °C overnight on a roller drum. For conjugation 50 mL LB broth with 
chloramphenicol, ampicillin, and kanamycin, at the concentrations noted above, was 
inoculated with the 2 mL overnight TB culture. This culture was grown shaking at 37 °C 
until the OD600 was between 0.6-0.7 and then transferred to a Falcon tube and spun at 
3000 X g for 10 min. The pellet was washed with 10 mL of liquid LB and resuspended by 
gentle pipetting to minimize damage to the conjugation pili. The culture was respun as 
before and the supernatant was decanted. The pellet was gently resuspended in 1.2 mL 
of liquid LB and 200 µl was added to each of the six N. punctiforme aliquots and gently 
mixed. 
Each 400 µl mixture of E. coli and N. punctiforme cells were spread onto six 
AA/4+N plates supplemented with 0.5% LB and grown under low light (~4 µmol photons 
m-2 s-1) at room temperature. The next day the cells were transferred with a pipette to 
AA/4+N plates by washing with 1 mL liquid AA/4+N. These plates were placed under low 
light for an additional two days. The plates were then transferred to higher light (~34 
µmol photons m-2 s-1) and allowed to grow for another two days. Following this, cells 
were transferred onto AA/4+N with neomycin (25 µg mL-1) plates by washing as 
previously described. These plates grew under low light (~4 µmol photons m-2 s-1 ) for 
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one day and then were transferred to higher light (~34 µmol photons m-2 s-1) until 
colonies appeared on the plate, approximately three weeks. 
Since conjugation was unsuccessful, several modifications were made to the 
protocol. One modification was to plate the conjugation mixture onto sterile HATF 082 
nitrocellulose filters (Millipore) placed on top of the solid media, rather than plating 
directly onto the media. For this, when cells were transferred to fresh media, the entire 
filter containing the cells were transferred using sterile forceps as opposed to adding 
media, mixing, and pipetting the cells to transfer. Another strategy was to gently 
sonicate the N. punctiforme cells prior to conjugation to break up the filaments to 4-6 
cells per filament, which would facilitate segregation of mutant strains. The initial 500 
mL culture of N. punctiforme cells was prepared for sonication by centrifugation (1000 x 
g for 5 min) and resuspension into 40 mL AA/4+N media. This was then divided into 50 
mL Falcon tubes as four 10 mL aliquots. Sonication was performed using a 1/8” microtip 
sonicator (Fisher Scientific) at 40% amplitude with 1 sec pulsing for a total of 1 min. Cells 
were kept on ice before and after sonication and microscopy was done to confirm that 
most filaments were 4-6 cells in length and that the sonication did not break open the 
cells. Following sonication, all of the 10 mL samples were combined and spun down at 
1000 x g for 10 min.  The resulting pellet was transferred to 50 mL of AA/4 + N media 
and incubated overnight at room temperature under white light. The cells were used in 
conjugation the next day at a density of about 250 µg of chlorophyll a ml-1 following the 
protocol described above. 
 
Results 
 
Fusion PCR 
 For fusion PCR, product A, consisting of the upstream region was 829 base pairs 
(bp) and product B, consisting of the downstream region was 892 bp. The products were 
generated through standard PCR using VentTaq DNA polymerase (Figure 17AB) and 
OneTaq DNA polymerase (Figure 17C). Products A and B were fused using 
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complementary ends to generate a 1721 bp product, ΔNpF1277, with gradient PCR 
(Figure 18A) and standard PCR (Figure 18B). This standard PCR fusion reaction did not 
have the 1721 bp product as the majority product. An erroneous ~1100 bp product was 
produced; however there was enough of the 1721 bp product to continue to the next 
step. 
 
Figure 17. PCR products A and B. Products amplified using VentTaq DNA polymerase 
(A,B) and OneTaq DNA polymerase (C). A) Lane 1: molecular mass standard, lane 2: 
empty, lanes 3, 5: PCR product A (829 bp), lane 4: negative control (water). B) Lane 1: 
molecular mass standard, lanes 2, 4, 6: empty, lane 3: negative control (water), lanes 5, 
7: PCR product B (892 bp). C) Lane 1: negative control (water), lanes 2-4: PCR product A 
(892 bp), lane 5: molecular mass standard, lanes 6-8: PCR product B (829 bp). 
 
 
Figure 18. Fusion PCR products. 1721 bp products were amplified using gradient PCR (A) 
and standard PCR (B). A) Lane 1: molecular mass standard, lanes 2, 5: fused product 
from 55.5 °C reaction, lanes 3, 6: fused product from 58.9 °C reaction, lanes 4, 8: fused 
product from 60.4 °C reaction, lane 7: negative control (water). B) Lanes 1, 2, 4, 5: 
replicate fusion reactions, lane 3: molecular mass standard, lane 6: negative control 
(water
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Cloning of ΔNpF1277 into the pGEM®-T Vector 
 An initial attempt was made to clone ΔNpF1277 into pRL278 which proved 
unsuccessful because no colonies appeared after transformation. A-tailing modification 
of the PCR product was believed to be the problem, thus a second fusion PCR was done 
to produce a new ΔNpF1277 product using OneTaq DNA polymerase to perform the A-
tailing during PCR. These ΔNpF1277 products were ligated into the linear plasmid, 
pGEM®-T. Transformation into E. coli was the next step after ligation and white colonies 
were selected on X-gal/Amp/IPTG plates. Colony PCR was utilized on selected white 
colonies to verify that pGEM®-T was ligated to ΔNpF1277 (Figure 19). After the positive 
pGEM®-T colony was isolated and grown, plasmid isolation occurred and gel 
electrophoresis was performed on a 1% agarose gel to verify the correct size (4721 bp) 
of the isolated pGEM®-T / ΔNpF1277 plasmid (Figure 20). The ΔNpF1277 fusion product 
was also confirmed through sequencing (Figure 21). 
 
 
 
 
Figure 19. Colony PCR confirmation of pGEM®-T ligated with the ΔNpF1277 fusion 
product. Lanes 1, 2, 5, 6, 7: positive colonies containing ΔNpF1277, lane 3: colony does 
not contain ΔNpF1277, lane 8: negative control (water).  
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Figure 20. Purified pGEM®-T containing ΔNpF1277. Lanes 1, 2, 4, 5: positive for pGEM®-T 
with ΔNpF1277, lane 3: molecular mass standard. 
 
 
Cloning ΔNpF1277 into pRL278 
 The conjugal plasmid pRL278 was isolated from E. coli DH5α cells and gel 
electrophoresis was performed to verify the quality of pRL278, which is 5941 bp (Figure 
22). After isolation, restriction digestion of pGEM®-T with the ΔNpF1277 insert and 
pRL278 was done using the restriction enzymes XhoI and BamHI. Gel electrophoresis 
was used to confirm the linearization of the pRL278 vector (5805 bp) and the release of 
ΔNpF1277 (1721 bp) from pGEM®-T (3000 bp) (Figure 23). Following digestion, ligation 
of ΔNpF1277 with pRL278 took place and then transformation into E. coli DH5α cells. 
These cells were then grown on LB plates with kanamycin. Colonies that appeared were 
subjected to colony PCR and plasmids from positive colonies containing ΔNpF1277 were 
isolated (Figure 24) for sequence confirmation. 
 
Conjugation of the ΔNpF1277 PCR Product into N. punctiforme ATCC 29133-S 
 Positive colonies were selected to use originally in tri-parental conjugation. After 
multiple attempts were made with no mutant N. punctiforme colonies isolated, bi-
parental conjugation was used. For this, the E. coli strain UC585 was used. Strain UC585 
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was transformed with pRL278 containing ΔNpF1277 and colony PCR verified positive 
colonies (Figure 25). This type of conjugation was attempted five times with no success 
of mutant colonies for the gene deletion of NpF1277. 
 
 
 
Figure 21. Sequence of the ∆NpF1277 fusion product amplified from pGEM-T. Partial 
sequence of the wild type NpF1277 gene and flanking region in Nostoc punctiforme 
aligned against the NpF1277 fusion product amplified from pGEM-T. The 21 bp fusion 
sequence is highlighted. Note that the deleted 1779 bp from the wild type gene are not 
shown since the purpose is to demonstrate the successful fusion product. 
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Figure 22. Purified pRL278. Lane 1: molecular mass standard, lanes 2-5: replicate 
purified pRL278 plasmids. 
 
 
 
Figure 23. Restriction digestion of pRL278 and pGEM®-T to release the ΔNpF1277 insert. 
Lane 1: undigested pRL278, lanes 2,3: digested pRL278, lane 4: molecular mass 
standard, lanes 5,6: digested pGEM®-T (3000 bp) with ΔNpF1277 (1721 bp), lane 7: 
undigested pGEM®-T with no ΔNpF1277 insert. 
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Figure 24. Colony PCR of E. coli DH5α cells containing pRL278 with ΔNpF1277. Lanes 1, 
2, 3, 7, 9, 11: positive colonies containing ΔNpF1277, lanes 4, 5, 8: colonies do not 
contain ΔNpF1277, lane 6: molecular mass standard, lane 12: negative control (water). 
 
 
 
Figure 25. Colony PCR of E. coli UC585 containing pRL278. Lanes 1-4, 7-11: positive 
colonies containing pRL278 with ΔNpF1277, lane 5: colonies do not contain pRL278 with 
ΔNpF1277, lane 6: molecular mass standard, lane 12: negative control (water). 
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Discussion 
 In this study fusion PCR was used to generate a truncated fragment of the 
putative sensor kinase (SK) NpF1277 associated with scytonemin biosynthesis from N. 
punctiforme. Fusion PCR in this project used two primer sets to create two separate 
gene products. Both gene products were synthesized from within the NpF1277 gene and 
flanking region, thus creating two short truncated products. The primers in each of the 
two sets contained a 5’ modification of 21 bp for complementary fusion between 
primers 1277.2 and 1277.3 (or 1277.3b). The fusion PCR method existed as two PCR 
steps. The first PCR annealed to two PCR products together from the complementary 
base pairing that was created from the modified primers. The second PCR amplified the 
fused product. The ΔNpF1277 product was then generated at a total length of 1721 bp 
(Yon & Fried, 1989). 
 Even though this method did ultimately produce the correct product, difficulties 
with fusion PCR were encountered. An initial problem was one of the primer sets 
performed poorly in synthesizing a gene product so then it was redesigned. After this 
was dealt with, both products A and B were synthesized by PCR and in sufficient 
quantities, although no pure 1721 bp product was generated from the fusion PCR 
protocol. An erroneous ~1100 bp product continuously was formed after the two-step 
process of fusion PCR was completed. Attempts were made to change amounts of each 
template in both the first and second fusion PCR steps as well as to change the 
concentration of the enzyme and primers. Eventually, the fusion PCR process produced 
enough of the ΔNpF1277 product to be extracted from a 1% agarose gel and purified for 
the next step of insertion into a vector.  
 The vector used was the conjugal plasmid pRL278. The original approach to 
insert the fused ΔNpF1277 product into pRL278 likely failed because restriction 
digestion of the ends of PCR products is not efficient and difficult to assess. To avoid 
this, a second approach was made using the pGEM®-T vector as an intermediate prior to 
cloning into pRL278 following excision of the ΔNpF1277 product from pGEM®-T. To 
facilitate cloning into pGEM®-T, an adenine was added to the 3’ end of the fused PCR 
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product in a process known as A-tailing. As with digestion of PCR products, A-tailing of 
DNA is not efficient and difficult to assess. Since modification of the fusion PCR product 
was unsuccessful, the fusion product was remade with a regular Taq polymerase 
(OneTaq DNA polymerase) that A-tails the product during PCR. These products were 
then successfully ligated into pGEM®-T and confirmed through colony PCR and 
sequencing. Excision of these products from pGEM®-T using restriction enzymes and 
directional cloning in pRL278 was then successful and the final constructs were 
confirmed through sequencing prior to conjugation.  
 Insertion of DNA into N. punctiforme has been done with both conjugation and 
electroporation (Stucken et al., 2012). For this study, conjugation was used because it is 
preferential for recombination while electroporation is used for insertion of replicating 
plasmids (Cohen et al., 1994). The conjugal plasmid pRL278 has been used in 
filamentous cyanobacteria and contains kanamycin and neomycin resistance in addition 
to a sacB cassette. The sacB cassette encodes for an enzyme that produces a toxic by-
product when a cell is exposed to sucrose. Sucrose resistance can then be used for the 
positive selection of double-recombinants (Cai & Wolk, 1990, Black et al., 1993). Since 
bi-parental conjugation was used, a specific strain of E. coli was required because of its 
plasmid properties. The conjugal E. coli strain UC585 carries two plasmids: pRK24, which 
contains elements for mobilizing shuttle vectors and pRL528, which contains methylases 
that protect against the restriction enzymes AvaI and AvaII (Liang et al., 1993).  
After bi-parental conjugation, two types of recombinants may arise. Single 
recombinants have the gene of interest incompletely integrated into the genome. This is 
because the plasmid itself is still attached to the bacterial chromosome. In this case, the 
integration of pRL278 would confer sensitivity to sucrose, by virtue of the sacB gene, as 
well as neomycin resistance. Double recombinants have completely integrated the gene 
of interest into the genome and will not present sucrose sensitivity or neomycin 
resistance. These strains are selected by the ability to grow on sucrose. 
 Multiple attempts using both tri-parental and bi-parental conjugation failed to 
produce any mutant colonies. One possibility is that deletion of the histidine kinase (HK) 
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NpF1277 would prove to be lethal to N. punctiforme. Even though scytonemin 
biosynthesis is a part of secondary metabolism, some HKs can regulate more than one 
system. For example, a similar HK, Hik33, has been shown to be responsive to both 
osmotic and temperature stress in Synechocystis. Growth of this Hik33 mutant was 
significantly inhibited and 210 genes were affected when it was exposed to 0.5 M 
sorbitol as a means of oxidative stress. In cold stress conditions, 28 out of 45 cold-
inducible genes were affected in this strain compared to the wild type. This shows the 
cross-talk ability that one HK has on over 200 genes when exposed to two different 
stresses. It should also be noted, that given the vastly different types of genes regulated, 
Hik33 may have different mechanisms of responding to different types of stress 
(Mikami, 2002). With NpF1277, it could be hypothesized that this SK may influence 
genes other than just those in scytonemin biosynthesis and may be important in the 
response to changes in light conditions or exposure to UV. Without this gene in N. 
punctiforme, survival would be difficult if this HK is absent and there are multiple 
pathways that it influences. Thus it is possible that a mutation in NpF1277 is lethal. 
 Another explanation may be that N. punctiforme ATCC 29133 was cultured 
instead of strain 29133-S. Continuous cultures of both of these strains are maintained in 
AA/4 medium under white light. It is possible that a culture was incorrectly labeled as 
29133-S during routine transfer. All of the subsequent cultures from this stock would 
have then been used for the conjugation culture instead of strain 29133-S. Strain 29133-
S produces fewer extracellular polysaccharides and this is thought to increase its 
conjugation efficiency (Cohen et al., 1994). Thus, using strain 29133 would have 
decreased the chances of mutant colonies forming. 
 A few colonies did grow on AA/4+N with neomycin, perhaps as single-
recombinant strains, but failed to grow when moved to liquid AA/4+N with neomycin 
after growing on agarose plates. This could be another explanation as to why mutant 
colonies never materialized. The change in environment from solid to liquid media may 
have “shocked” the mutant colony and inhibited growth. Some evidence suggests that 
culturing colonies that may be single recombination mutants for longer periods may 
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ultimately increase double recombinant mutants, however, this extended time may 
allow for mutations to occur in genes such as sacB. In this case, mutations may have 
occurred in the neomycin resistance gene and the mutant colony may have lost the 
ability to grow in neomycin (Cai & Wolk, 1990). 
 Regarding the conjugation protocol, several modifications are documented. 
Stucken 2012 mixed 1 mL of the donor E. coli cultures (helper and cargo strains) with 2 
mL of the cyanobacterial recipient strain (Chlorogloeopsis or Fischerella). After mixing, 
the cultures were incubated under white light for 1.5 hrs. The method used in the 
current study mixed the E. coli and cyanobacteria together for a total volume of just 400 
µl (200 µl of UC585 E. coli and 200 µl of N. punctiforme 29133-S), without any incubation 
under white light since the mixtures were immediately plated onto nitrocellulose filters 
on AA/4+N agar plates. Perhaps this step increased conjugation efficiency, although 
multiple attempts were required to obtain mutant colonies and the study was done in 
different cyanobacteria (Stucken et al., 2012). Another study found that the ratio of E. 
coli to N. punctiforme was crucial, and that a 20-fold reduction in the amount of E. coli 
was required for conjugation to work in N. punctiforme compared to the closely related 
cyanobacterium Anabaena PCC 7120, although this was done for transposon 
mutagenesis and not recombination (Cohen et al., 1994). In our studies, the 
concentration of just the original E. coli culture was measured by OD600 and not the final 
suspension used for conjugation. This could have impacted the ratio of donor to 
recipient. 
 One final change to the methods used in this conjugation work is the method 
used to abrogate a functional gene product. The technique used here was fusion PCR, 
but another approach could be attempted. Antibiotic cassette mutagenesis could be 
used in lieu of fusion PCR. This method ligates an antibiotic cassette in the coding region 
of gene, thus interrupting the gene and inhibiting the normal gene product. Advantages 
of this method are that it requires no fusion PCR and mutant colonies are easily selected 
by antibiotic resistance. Disadvantages of this method are keeping the cassette insert in-
frame, so as to not cause frameshift mutations of surrounding gene, and working with 
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limited restriction digestion sites in the coding region of the gene of interest to insert 
the cassette. 
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CHAPTER 4: SUMMARY 
 
 
 
 As photosynthetic organisms, cyanobacteria are exposed to solar UVR and must 
have mechanisms of protection. The heterocyclic, indole-phenolic compound, 
scytonemin, is a sunscreen produced by some cyanobacteria to prevent damage from 
high influxes of long-wavelength UVA radiation (Garcia-Pichel & Castenholz, 1991). In 
the cyanobacterium, Nostoc punctiforme, an 18-gene cluster (NpF1276-NpF1259) is 
associated with the production of scytonemin (Soule et al., 2007). Upstream and 
adjacent to this 18-gene cluster are two genes that are thought to comprise a two-
component regulatory system (TCRS). Based on the genomic location of this putative 
TCRS, a model is proposed in which the sensor kinase (SK) NpF1277 senses UVA from 
the environment, and then auto-phosphorylates before transferring a phosphate group 
to the response regulator (RR) NpF1278. In this model, the phosphorylated RR will then 
bind to a DNA regulatory element to signal transcription of the scytonemin biosynthetic 
genes.  
The purpose of the research herein was to provide insight into the function of 
this TCRS as it relates to scytonemin biosynthesis. There were three objectives in this 
study. The first was to measure the expression of the TCRS genes following exposure to 
UVA, UVB, high light, and oxidative stress for 20, 40, and 60 minutes. The second 
objective was to determine if the TCRS genes are co-transcribed. Finally, the last 
objective was to knockout the NpF1277 gene in N. punctiforme to better understand its 
effect on the production of scytonemin. 
 The expression of NpF1277 and NpF1278 was measured for each stress and the 
significance threshold was set for at least a two-fold change in expression between 
treated and untreated samples with a p ≤ 0.05. The expression of the TCRS genes
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increased under UVA and UVB within 20 min of each stress. While the response to UVA 
did not cross the significance threshold after this initial up-regulation, these genes were 
down-regulated after 60 min under UVB. High light resulted in relatively steady and low 
expression levels throughout the experiment, while oxidative stress failed to promote 
any significant change in expression for the TCRS genes from 20 to 60 min. Three 
conclusions can be inferred from these results. First, all three light-associated stress 
conditions resulted in a short-term up-regulation of the TCRS genes, leading to the idea 
that light may be the predominant stress in the response of NpF1277. Secondly, these 
genes do not appear to be responsive to oxidative stress, which suggests that the TCRS 
is sensing UVA and not the reactive oxygen generated by UVA. Finally, it is apparent that 
the TCRS genes have a rapid response (within 20 min) to UVA, UVB, and high light stress, 
since the response at even 40 min was diminished, and even undetectable in a previous 
study which assessed the response to UVA after 24 hrs (Soule et al., 2009). Furthermore, 
co-transcription was observed for NpF1277 and NpF1278 using reverse-transcriptase 
PCR. This result was expected since the genes are adjacent to each other and serve a 
similar function. 
 Despite several attempts, a ΔNpF1277 mutant strain was not obtained. 
Nonetheless, there are many possibilities as to why this was the case. One explanation 
may be that a mutation in NpF1277 is lethal to N. punctiforme. Since HKs have been 
shown to regulate multiple systems (Darmon et al., 2002, Mikami, 2002), there is a 
possibility that NpF1277 regulates other pathways besides scytonemin biosynthesis. 
Another reason that no mutant colonies arose may have been the transfer to liquid 
media. Colonies that initially grew under neomycin selection on agar plates thought to 
be mutants failed to grow when transferred to liquid media containing neomycin. 
Another possibility for the lack of mutants could be that the incorrect N. punctiforme 
strain may have been used in conjugation. The strain that is normally used for 
conjugation is ATCC 29133-S, which is indistinguishable from the wild-type strain ATCC 
29133 that is also cultured in the lab. During the routine maintenance of cultures, the 
strains may have been mislabeled.  
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For both of these studies there are several changes that could have improved 
the experiments. For the gene expression study, all three time points of 20, 40, and 60 
min should have been done together to limit variability and increase accuracy. Since 
oxidative stress did not show any expression changes for the duration of the study, 
measuring the actual level of oxidative stress in the cells, as ROS accumulation, would at 
least confirm that the cells were experiencing the stress that was assumed to have 
taken place. Furthermore, hydrogen peroxide may have been a better ROS to induce 
oxidative stress than methylene blue because it is well-characterized and would 
specifically result in up-regulation of the gene encoding catalase (katE). Levels of katE 
expression could have also been measured to independently verify ROS stress. Several 
modifications were also made to the conjugation protocol since no mutants were 
isolated, including gentle sonication of the cells, use of filters for transferring cells, and 
the use of two E. coli strains instead of one. Other minor changes could also be 
considered from different researchers that have successfully obtained mutants using 
conjugation in cyanobacteria. For instance, selection on 50 µg ml -1 neomycin, instead of 
25 µg ml -1, has been suggested to discourage the formation of pseudo-recombinant 
colonies (Cohen et al., 1994).  
 As more information is known on the TCRS studied here, additional applications 
of this TCRS become possible. For instance, to produce scytonemin in a commercial 
setting, this TCRS could be used to genetically manipulate the regulation of scytonemin 
production in N. punctiforme as well as in different cyanobacteria. While some of the 
precursors in scytonemin biosynthesis have been formed through heterologous 
expression in E. coli, the full molecule could not be formed (Balskus & Walsh, 2008, 
Balskus & Walsh, 2009). Perhaps the cyanobacterium Synechocystis could serve as a 
more suitable host organism for biosynthesis, and even regulation through heterologous 
expression of the TCRS genes. Synechocystis may serve as a better host than E. coli 
because it is photosynthetic. Furthermore, it divides more rapidly than N. punctiforme 
which may allow an increased rate of scytonemin production.  
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A better understanding of this system leads to multiple possibilities for future 
research. One aspect would be to better understand and fully characterize this TCRS. 
One approach could be to determine how NpF1277 actually senses UVR through the use 
of transcriptomics and inhibitors. Another approach could be to study the interaction 
between NpF1277 and NpF1278 through phospho-transfer assays. In terms of gene 
expression, similar studies could be done for the scytonemin biosynthetic genes, since 
previous studies only looked at UVA expression starting at 24 hrs. A double-mutant 
strain deficient in NpF1277 and NpF1278 could also be generated, which would provide 
valuable information, not only on the functionality of this TCRS for scytonemin 
biosynthesis, but also other processes if this TCRS interacts with or regulates any other 
stress response system.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
LIST OF REFERENCES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
48 
 
LIST OF REFERENCES 
 
 
 
Allen MB & Arnon DI (1955) Studies on nitrogen-fixing blue-green algae. I. Growth and 
nitrogen fixation by Anabaena cylindrica Lemm. Plant Physiology 30: 366-372. 
 
Ashby MK & Houmard J (2006) Cyanobacterial two-component proteins: structure, 
diversity, distribution, and evolution. Microbiology and Molecular Biology Reviews 70: 
472-509. 
 
Balskus EP & Walsh CT (2008) Investigating the initial steps in the biosynthesis of 
cyanobacterial sunscreen scytonemin. Journal of the American Chemical Society 130: 
15260-15261. 
 
Balskus EP & Walsh CT (2009) An enzymatic cyclopentyl [b] indole formation involved in 
scytonemin biosynthesis. Journal of the American Chemical Society 131: 14648-14649. 
 
Bebout BM & Garcia-Pichel F (1995) UVB-induced vertical migrations of cyanobacteria in 
a microbial mat. Applied and Environmental Microbiology 61: 4215-4222. 
 
Black TA, Cai Y & Wolk CP (1993) Spatial expression and autoregulation of hetR, a gene 
involved in the control of heterocyst development in Anabaena. Molecular Microbiology 
9: 77-84. 
 
Burbulys D, Trach KA & Hoch JA (1991) Initiation of sporulation in B. subtilis is controlled 
by a multicomponent phosphorelay. Cell 64: 545-552. 
 
Cai Y & Wolk CP (1990) Use of a conditionally lethal gene in Anabaena sp. strain PCC 
7120 to select for double recombinants and to entrap insertion sequences. Journal of 
Bacteriology 172: 3138-3145. 
 
Castenholz RW & Garcia-Pichel F (2002) Cyanobacterial responses to UV-radiation. The 
Ecology of Cyanobacteria. 591-611. Springer.
49 
 
Cohen MF, Wallis JG, Campbell EL & Meeks JC (1994) Transposon mutagenesis of Nostoc 
sp. strain ATCC 29133, a filamentous cyanobacterium with multiple cellular 
differentiation alternatives. Microbiology 140: 3233-3240. 
 
Cohen MF, Meeks JC, Cai YA & Wolk CP (1998) [1] Transposon mutagenesis of 
heterocyst-forming filamentous cyanobacteria. Methods in Enzymology 297: 3-17. 
 
Darmon E, Noone D, Masson A, Bron S, Kuipers OP, Devine KM & Dijl JMv (2002) A novel 
class of heat and secretion stress-responsive genes is controlled by the autoregulated 
CssRS two-component system of Bacillus subtilis. Journal of Bacteriology 184: 5661-
5671. 
 
Elhai J & Wolk CP (1988) A versatile class of positive-selection vectors based on the 
nonviability of palindrome-containing plasmids that allows cloning into long polylinkers. 
Gene 68: 119-138. 
 
Eriksson M-J & Clarke AK (1996) The heat shock protein ClpB mediates the development 
of thermotolerance in the cyanobacterium Synechococcus sp. strain PCC 7942. Journal 
of Bacteriology 178: 4839-4846. 
 
Galperin MY (2006) Structural classification of bacterial response regulators: diversity of 
output domains and domain combinations. Journal of Bacteriology 188: 4169-4182. 
 
Gao Q & Garcia-Pichel F (2011) Microbial ultraviolet sunscreens. Nature Reviews 
Microbiology 9: 791-802. 
 
Garcia-Pichel F (1998) Solar ultraviolet and the evolutionary history of cyanobacteria. 
Origins of Life and Evolution of the Biosphere 28: 321-347. 
 
Garcia-Pichel F & Castenholz RW (1991) Characterization and biological implications of 
scytonemin, a cyanobacterial sheath pigment. Journal of Phycololgy 27: 395-409. 
 
Garcia-Pichel F & Castenholz RW (1993) Occurrence of UV-absorbing, mycosporine-like 
compounds among cyanobacterial isolates and an estimate of their screening capacity. 
Applied and Environmental Microbiology 59: 163-169. 
 
Garcia-Pichel F, Sherry ND & Castenholz RW (1992) Evidence for an ultraviolet sunscreen 
role of the extracellular pigment scytonemin in the terrestrial cyanobacterium 
Chlorogloeopsis sp. Photochemistry and Photobiology 56: 17-23. 
 
Garcia-Pichel F, Wingard CE & Castenholz RW (1993) Evidence regarding the UV 
sunscreen role of a mycosporine-like compound in the cyanobacterium Gloeocapsa sp. 
Applied and Environmental Microbiology 59: 170-176. 
50 
 
Garcia-Pichel F & Castenholz RW (1991) Characterization and biological implications of 
scytonemin, a cyanobacterial sheath pigment. Journal of Phycology 27: 395-409. 
 
Gross R & Beier D (2012) Two-Component Systems in Bacteria. Horizon Scientific Press. 
 
Jagger J (1985) Solar-UV Actions on Living Cells. Praeger New York. 
 
Kehry MR, Doak TG & Dahlquist FW (1984) Stimulus-induced changes in methylesterase 
activity during chemotaxis in Escherichia coli. Journal of Biological Chemistry 259: 11828-
11835. 
 
Koksharova O & Wolk C (2002) Genetic tools for cyanobacteria. Applied Microbiology 
and Biotechnology 58: 123-137. 
 
Lerner CG & Inouye M (1990) Low copy number plasmids for regulated low-level 
expression of cloned genes in Escherichia coli with blue/white insert screening 
capability. Nucleic Acids Research 18: 4631. 
 
Liang J, Scappino L & Haselkorn R (1993) The patB gene product, required for growth of 
the cyanobacterium Anabaena sp. strain PCC 7120 under nitrogen-limiting conditions, 
contains ferredoxin and helix-turn-helix domains. Journal of Bacteriology 175: 1697-
1704. 
 
Meeks J, Elhai J, Thiel T, Potts M, Larimer F, Lamerdin J, Predki P & Atlas R (2001) An 
overview of the genome of Nostoc punctiforme, a multicellular, symbiotic 
cyanobacterium. Photosynthesis Research 70: 85-106. 
 
Meeks JC & Castenholz RW (1971) Growth and photosynthesis in an extreme 
thermophile, Synechococcus lividus (cyanophyta). Archives of Microbiology 78: 25-41. 
 
Mikami K (2002) The histidine kinase Hik33 perceives osmotic stress and cold stress in 
Synechocystis sp. PCC 6803. Molecular Microbiology 46: 905--915. 
 
Montgomery BL (2007) Sensing the light: photoreceptive systems and signal 
transduction in cyanobacteria. Molecular Microbiology 64: 16--27. 
 
Pfaffl MW (2001) A new mathematical model for relative quantification in real-time RT–
PCR. Nucleic Acids Research 29: e45-e45. 
Portwich A & Garcia-Pichel F (2000) A novel prokaryotic UVB photoreceptor in the 
cyanobacterium Chlorogloeopsis PCC 6912. Photochemistry and Photobiology 71: 493-
498. 
 
51 
 
Potts M (1999) Mechanisms of desiccation tolerance in cyanobacteria. European Journal 
of Phycology 34: 319-328. 
 
Proteau PJ, Gerwick WH, Garcia-Pichel F & Castenholz R (1993) The structure of 
scytonemin, an ultraviolet sunscreen pigment from the sheaths of cyanobacteria. 
Experientia 49: 825-829. 
 
Rippka R, Deruelles J, Waterbury JB, Herdman M & Stanier RY (1979) Generic 
assignments, strain histories and properties of pure cultures of cyanobacteria. Journal of 
General Microbiology 111: 1-61. 
 
Sambrook J, Fritsch EF & Maniatis T (1989) Molecular Cloning. Cold Spring Harbor 
Laboratory Press New York. 
 
Schmidt-Goff CM & Federspiel NA (1993) In vivo and in vitro footprinting of a light-
regulated promoter in the cyanobacterium Fremyella diplosiphon. Journal of 
Bacteriology 175: 1806-1813. 
 
Slater, H, Alvarez-Morales A, Barber C, Daniels M, & Dow J (2000) A two-component 
system involving an HD-GYP domain protein links cell–cell signalling to pathogenicity 
gene expression in Xanthomonas campestris. Molecular Microbiology 38: 986--1003. 
 
Sorrels CM, Proteau PJ & Gerwick WH (2009) Organization, evolution, and expression 
analysis of the biosynthetic gene cluster for scytonemin, a cyanobacterial UV-absorbing 
pigment. Applied and Environmental Microbiology 75: 4861-4869. 
 
Soule T, Garcia-Pichel F & Stout V (2009) Gene expression patterns associated with the 
biosynthesis of the sunscreen scytonemin in Nostoc punctiforme ATCC 29133 in 
response to UVA radiation. Journal of bacteriology 191: 4639-4646. 
 
Soule T, Gao Q, Stout V & Garcia-Pichel F (2013) The global response of Nostoc 
punctiforme ATCC 29133 to UVA stress, assessed in a temporal DNA microarray study. 
Photochemistry and Photobiology 89: 415-423. 
 
Soule T, Stout V, Swingley W, Meeks J & Garcia-Pichel F (2007) Molecular genetics and 
genomic analysis of scytonemin biosynthesis in Nostoc punctiforme ATCC 29133. Journal 
of Bacteriology 189: 4465-4472. 
 
Soule T, Palmer K, Gao Q, Potrafka R, Stout V & Garcia-Pichel F (2009) A comparative 
genomics approach to understanding the biosynthesis of the sunscreen scytonemin in 
cyanobacteria. BMC Genomics 10: 336. 
 
52 
 
Stock AM, Robinson VL & Goudreau PN (2000) Two-component signal transduction. 
Annual Review of Biochemistry 69: 183-215. 
 
Stucken K, Ilhan J, Roettger M, Dagan T & Martin WF (2012) Transformation and 
conjugal transfer of foreign genes into the filamentous multicellular cyanobacteria 
(subsection v) Fischerella and Chlorogloeopsis. Current Microbiology 65: 552-560. 
 
Summers ML, Wallis JG, Campbell EL & Meeks JC (1995) Genetic evidence of a major 
role for glucose-6-phosphate dehydrogenase in nitrogen fixation and dark growth of the 
cyanobacterium Nostoc sp. strain ATCC 29133. Journal of Bacteriology 177: 6184-6194. 
 
Tomaras AP, Flagler MJ, Dorsey CW, Gaddy JA & Actis LA (2008) Characterization of a 
two-component regulatory system from Acinetobacter baumannii that controls biofilm 
formation and cellular morphology. Microbiology 154: 3398-3409. 
 
West AH & Stock AM (2001) Histidine kinases and response regulator proteins in two-
component signaling systems. Trends in Biochemical Sciences 26: 369-376. 
 
Yon J & Fried M (1989) Precise gene fusion by PCR. Nucleic Acids Research 17: 4895. 
 
Zhang W & Shi L (2005) Distribution and evolution of multiple-step phosphorelay in 
prokaryotes: lateral domain recruitment involved in the formation of hybrid-type 
histidine kinases. Microbiology 151: 2159-2173. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX
53 
 
APPENDIX 
PROTOCOLS USED IN THIS STUDY 
 
 
 
Protocol 1. Alkaline Lysis Mini-prep Protocol: 
1. Inoculate 10 ml of TB media containing antibiotics (as appropriate) with a single 
bacterial colony in a 15 ml Falcon tube.  
2. Incubate at 37 oC overnight with vigorous shaking. 
3. Centrifuge at 5000 rpm for 1 min.  
4. Remove the medium with a pipette, leaving the bacterial pellet as dry as 
possible. 
5. Resuspend the pellet by vortexing in 100 µl of ice-cold mini-prep lysis buffer (25 
mM Tris-HCl, pH 8.0, 10 mM EDTA). 
6. Incubate for 5 min at room temperature. 
7. Add 200 µl of a freshly prepared solution containing 0.2N NaOH and 1% SDS and 
mix by inversion, do not vortex. Incubate for 5 min on ice. 
8. Add 150 µl of ice-cold Potassium Acetate Solution, pH 4.8 (see below) and mix by 
inversion for 10 s. Incubate for 5 min on ice. 
9. Centrifuge at 5000 rpm for 5 min. 
10. Transfer the supernatant to a fresh tube, avoiding the white precipitate. 
11. Add 5 µl of RNase A (10 mg ml-1) from the freezer, keep on ice. Incubate at 37 oC 
for 30 min. 
12. Add 2 volumes of Tris-saturated phenol: chloroform: IsoAmylAlcohol (25:24:1) 
stored at 4 °C (Use the fume hood for this step). Vortex for 1 min and centrifuge 
at 5000 rpm for 2 min. 
 
54 
 
13. Transfer the upper, aqueous phase to a fresh tube and add 1 volume of 
chloroform: IsoAmylAlcohol (24:1). Vortex for 1 min and centrifuge as in step 12. 
14. Transfer the upper, aqueous phase to a fresh tube and add 2.5 volumes of ice-
cold 95% ethanol and 0.1 volumes of 3 M sodium acetate.  
15. Mix and allow the sample to precipitate 20 min at -20 oC. 
16. Centrifuge at 12,000 rpm for 10 min and remove the supernatant.  
17. Wash the pellet with 1 ml of pre-chilled 70% ethanol by mixing 1 ml 70% 
ethanol, vortexing, and then spinning again to remove the supernatant.  
18. Dry the pellet in the laminar flow chamber. 
19. Dissolve the dried pellet in 25 µl of deionized water. 
 
Potassium Acetate Solution:  
Prepare 60 ml of 5 M potassium acetate. Add 11.5 ml of glacial acetic acid and 28.5 
ml of H20. This solution is 3 M with respect to potassium and 5 M with respect to 
acetate. Store at 4 °C. 
 
Protocol 2. E. coli Competent Cell Protocol: 
1. Inoculate 2x 2 ml LB broth with an E.coli DH5a-MCR colony and incubate at 37 °C 
overnight while shaking. 
2. Use the overnight 2 ml cultures to inoculate 2x 150 ml LB broth in 250 ml flasks 
and incubate at 37 °C while shaking until OD600 is about 0.3-0.5 (3-5 hrs); check 
after 2.5 hrs, and then every half hour with an LB blank. 
a. Pre-chill the large centrifuge to 4 °C 
b. Pre-chill at least 20x 15 ml Falcon tubes on ice 
3. Divide each culture into 10x 15 ml pre-chilled Falcon tubes per flask (20 tubes 
total) and spin at 5000 rpm for 10 min at 4 °C. 
4. Decant the supernatant and resuspend the pellet in 2.5 ml cold 0.1 M CaCl2 and 
keep on ice for the remaining steps. 
5. Keep on ice for 1 hr then spin at 5000rpm for 10 min at 4 °C. 
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a. Pre-chill several 1.5 ml Eppendorf tubes on ice 
6. Decant the supernatant and resuspend in 100 ml 85% 0.1 M CaCl2 with 15% 
glycerol. 
7. Transfer to the pre-chilled 1.5 ml tubes on ice. 
a. Even though you only put 100 ml into the tube there will be more 
volume since you won’t decant everything out; you will probably get two 
aliquots per tube.  
8. Store at -80 °C. 
